We analyze the recent results of the MiniBooNE short-baseline experiment onνµ →νe oscillations in a minimal model-independent framework of antineutrino mixing in conjunction with the positive LSND signal and the negative KARMEN measurements. We show that the data of the three shortbaselineνµ →νe experiments are compatible. Taking into account also the model-independent constraints due to the limits on short-baselineνe disappearance obtained in reactor antineutrino experiments, we find that the favored region of the effective oscillation parameters lies within 2 × 10 −3 sin 2 2ϑ 5 × 10 −2 and 0.2 ∆m 2 2 eV 2 .
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I. INTRODUCTION
The MiniBooNE collaboration [1] recently reported the observation of a signal of short-baselineν µ →ν e transitions compatible with that observed in the LSND experiment [2] . The agreement of the MiniBooNE and LSND signals in favor of neutrino oscillations is remarkable, because the two experiments observed the signal ofν µ →ν e transitions at different source-detector distances and different neutrino energy ranges. Since only the ratio of distance and energy is similar in the two experiments and neutrino oscillations depend just on this ratio (see Refs. [3] [4] [5] [6] [7] [8] [9] [10] ), the neutrino oscillation explanation of the two signals is strongly favored. On the other hand, the MiniBooNE collaboration did not observe any signal of short-baseline ν µ → ν e transitions [11] compatible with the MiniBooNE and LSND signals ofν µ →ν e transitions. Therefore, it is possible that the effective parameters which govern neutrino and antineutrino oscillations are different, maybe because of a violation of the CPT symmetry [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . From a phenomenological point of view, it is interesting to consider the neutrino and antineutrino sectors independently, especially in view of possible experimental checks of the short-baselineν µ →ν e signal [31] [32] [33] [34] . In this paper we adopt this point of view and we present the results of a combined fit of the MiniBooNE and LSND antineutrino data in favor of short-baselineν µ →ν e transitions, together with the constraints imposed by the data of the KARMEN experiment [35] in which the transitions have not been observed. We also take into account the modelindependent constraints imposed by the data of reactor ν e disappearance experiments.
In the analysis of the data ofν µ →ν e oscillation experiments we consider the simplest case of an effective twoneutrino-like short-baseline oscillation probability, similar to that obtained in the case of four-neutrino mixing (see Refs. [3, 6, 8, 9] ),
where ∆m 2 is the relevant neutrino squared-mass difference and ϑ is the effective mixing angle forν µ →ν e transitions.
The plan of the paper is as follows. In Sections II and III we present, respectively, the results of the fits of MiniBooNE and LSND antineutrino data, and in Section IV we discuss the results of the combined fit. In Section V we present the results of the fit of KARMEN data and in Section VI we discuss the results of the combined fit of MiniBooNE, LSND and KARMEN data. In Section VII we discuss the implications of the constraints from reactorν e disappearance experiments. Finally, in Section VIII we draw the conclusions.
II. MINIBOONE
The MiniBooNE collaboration presented recently the results of a search forν µ →ν e oscillations obtained with a data sample corresponding to 5.66 × 10 20 protons on target [1] . The MiniBooNE detector is located at a distance of 541 m from the neutrino source. The neutrino energy spectrum for the oscillation analysis ranges from 475 MeV to 3 GeV. Hence, the ratio L/E from which the oscillation probability in Eq. (1) depends ranges from 0.18 to 1.14 m/MeV, leading to a sensitivity toν µ →ν e transitions for ∆m 2 
10
−1 eV 2 appropriate for checking the signal observed in the LSND experiment [2] (see Section III).
The excess ofν e -like events found by the MiniBooNE collaboration agrees with the excess found in the LSND experiment at different source-detector distance and neutrino energy, but similar ratio L/E. This is a strong indication in favor of the neutrino oscillation explanation of the two signals, analogous to the confirmation of solar neutrino oscillations by the very-long-baseline KamLAND reactor experiment [37] and the confirmation of atmospheric neutrino oscillations by the long-baseline K2K [38] and MINOS [39] accelerator experiments.
In this paper we fit the MiniBooNE data reported in Fig. 1 of Ref. [1] 1 using the method and data given in the MiniBooNE data release in Ref. [40] , which are relative to the previous MiniBooNE publication [41] on the search forν µ →ν e (the MiniBooNE data release relative to Ref. [1] is still not available). We rescaled the signal predicted with the method described in Ref. [40] from the 3.39 × 10 20 protons on target corresponding to the sample in Ref. [41] to the 5.66 × 10 20 protons on target corresponding to the sample in Ref. [1] . The fractional covariance matrix of systematic uncertainties should be similar in the two data releases. We corrected the statistical part of the covariance matrix by taking into account the different number of background events. In the fit we consider not only theν e MiniBooNE data, but also thē ν µ data, which are important because of the correlated uncertainties. Since theν µ data obtained with 5.66×10 20 protons on target are not available, we consider theν µ data given in the MiniBooNE data release in Ref. [40] . The difference is not crucial, because theν µ data have only an indirect effect on the measurement of theν µ →ν e signal through the correlated uncertainties.
The results of the least-squares fit of MiniBooNE data are presented in the first column of Tab. I and in Fig. 1 . The best-fit values of the oscillation parameters and the allowed regions in the sin 2 2ϑ-∆m 2 plane are similar to those obtained by the MiniBooNE collaboration [1] . The goodness-of-fit in the case of no oscillations may seem too high in comparison with that given in Ref. [1] and not sufficient to require oscillations. Since in our calculation we fit both theν e andν µ data we have 16 degrees of freedom, with χ 2 = 21.4. However, most of the χ 2 is due to theν e data, which have only 8 degrees of freedom, corresponding to the 8 energy bins in Fig. 1 of Ref. [1] for E > 475 MeV. If we restrict the χ 2 to the six energy bins from 475 to 1300 MeV we have χ 2 = 16.8, which is similar to the χ 2 = 18.5 reported in Ref. [1] for the energy range from 475 to 1250 MeV. Therefore, we agree with Ref. [1] on the opinion that a background-only fit of MiniBooNE data is disfavored.
The first column of Tab. I shows that the oscillation hypothesis fits the MiniBooNE data with a χ 2 much lower than in the case of no oscillations, improving significantly the goodness-of-fit. The decrease of the χ 2 with respect to the case of no oscillations is mainly due to the improved fit of the sixν e energy bins from 475 to 1300 MeV which give a contribution to χ 2 min of 7.2, in approximate agreement with the 8.0 reported in Ref. [1] for the energy range from 475 to 1250 MeV.
From Fig. 1 one can see that, although the best-fit value of sin 2 2ϑ is close to unity, in practice all the allowed straight region in the log-log plot ranging from sin 2 2ϑ ≈ 1 and ∆m
and ∆m 2 ≈ 1 eV 2 , as well as a small area around sin 2 2ϑ ≈ 7 × 10 −3 and ∆m 2 ≈ 5 eV 2 , are equally plausible. This is important, because large values of the effective mixing angle are excluded by the limits onν e disappearance obtained in reactor antineutrino experiments, as explained in Section VII.
III. LSND
The LSND experiment [2] observed an excess ofν e events coming from possibleν µ →ν e transitions in a beam ofν µ produced by µ + decay at rest,
The energy spectrum ofν µ is given by (see Ref. [42] )
for E smaller than
Theν e 's produced byν µ →ν e transitions were detected at an average distance of 30 m through the inverse neutron decay process ν e + p → n + e (5) is (see Refs. [10, 42, 43] )
where E e and p e are, respectively, the positron energy and momentum. Neglecting the small recoil energy of the neutron, the positron energy E e is related to the neutrino energy E by
where m p and m n are, respectively, the proton and neutron masses. The neutrino energy threshold is given by
The LSND detector had a positron energy resolution which we assume to be Gaussian:
with [2] δ Ee = 3.3 MeV E e 50 MeV .
We fit the LSND data in Fig. 16 of Ref. [2] , which gives the measuredν e events N 
The
where
is Fig. 16 ). The factor η in Eq. (11) is introduced in order to take into account the relative uncertainty of N 0 νµ→νe [2] : Figure 2 shows the allowed regions in the sin 2 2ϑ-∆m 2 plane that we obtained from the minimization of χ 2 , with the best-fit values of the oscillation parameters in the second column of Tab. I. The allowed regions in Fig. 2 are similar to those presented by the LSND collaboration in Ref. [2] , with some differences due to the fact that we fitted a data set which is smaller than that used by the LSND collaboration. Similar problems have been encountered in the fits presented in Refs. [44, 45] . In particular, the allowed straight region in the log-log plot ranging from sin 2 2ϑ ≈ 1 and ∆m 2 ≈ 5 × 10 −2 eV 2 to sin 2 2ϑ ≈ 10 −3 and ∆m 2 ≈ 2 eV 2 and the allowed region at large values of ∆m 2 are similar to that obtained by the LSND collaboration (see Fig. 27 of Ref. [2] ). There is some discrepancy at intermediate values of ∆m 2 , where we find two favorite regions at ∆m 2 ≈ 5 eV 2 and ∆m 2 ≈ 8 eV 2 , which however are similar to those obtained in Ref. [45] from a fit similar to ours. Hence, we think that the allowed regions in Fig. 2 are fairly representative of the parameter space allowed by the LSND data.
IV. COMBINED FIT OF MINIBOONE AND LSND DATA
Comparing Figs. 1 and 2 one can see that there is a remarkable agreement between the MiniBooNE and the LSND allowed regions in the sin 2 2ϑ-∆m 2 plane. The results of the combined fit are given in Fig. 3 and in the third column of Tab. I. The excellent parameter goodness-of-fit (PG) [36] of the combined fit quantifies the good compatibility of MiniBooNE and LSND data. From Fig. 3 one can see that the combined fit favors the allowed straight region in the log-log plot ranging from sin 2 2ϑ ≈ 1 and ∆m
and ∆m 2 ≈ 1 eV 2 and an island at sin 2 2ϑ ≈ 6 × 10
and ∆m 2 ≈ 5 eV 2 .
V. KARMEN
The KARMEN experiment [35] searched forν µ →ν e transitions using a beam ofν µ produced by the process of µ + decay at rest in Eq. (2) and detected through the inverse neutron decay process in Eq. (5). Since these processes are the same as those in the LSND experiments, the fit of KARMEN is analogous of that described in Section III for the fit of LSND data. In the KAR- olution uncertainty was
We fit the KARMEN data in Fig. 11b of Ref. [35] , which gives the measuredν e events N 
Since in some energy bins in Fig. 11b of Ref. [35] the number of measured events is zero, we perform the fit by minimizing the least-square function [46] 
with δη = 0.0923 from Eq. (16) . Figure 4 and the fourth column of Tab. I give the result of the fit of KARMEN data. The best-fit values of the oscillation parameters in Tab. I and the exclusion curves in Fig. 4 are in agreement with those found by the KAR-MEN collaboration [35] , as well as with the results of the fits presented in Refs. [44, 45] .
VI. COMBINED FIT OF MINIBOONE, LSND AND KARMEN DATA
The results of the combined Fit of MiniBooNE, LSND and KARMEN data onν µ →ν e oscillations are given in the fifth column of Tab. I and in Fig. 5 .
Comparing Figs. 3 and 5 one can see that the inclusion in the analysis of KARMEN data has mainly the effect of disfavoring the regions at ∆m 2 
eV
2 allowed by MiniBooNE and LSND data. The straight region in the log-log plot ranging from sin 2 2ϑ ≈ 1 and ∆m 2 ≈ 5 × 10 −2 eV 2 to sin 2 2ϑ ≈ 10 −3 and ∆m 2 ≈ 2 eV 2 allowed by MiniBooNE and LSND data suffers only a small push towards smaller values of sin 2 2ϑ. The best-fit point lies in this region, close to the large-sin 2 2ϑ and small-∆m 2 edge. However, from the marginal ∆χ 2 = χ 2 − χ 2 min 's for sin 2 2ϑ and ∆m 2 one can see that in practice all the straight region is equally favored. This is important for the compatibility with the reactor limits on sin 2 2ϑ discussed in the next Section.
VII. CONSTRAINTS FROM REACTORνe DISAPPEARANCE
Several reactor experiments have searched for the short-baseline disappearance ofν e 's (see Refs. [10, 43] ), without positive results (apart from the hint discussed in Ref. [47] ). Such a lack of short-baselineν e disappearance constrains the probability of all transitions ofν e to other flavor antineutrinos and all transitions from other flavor antineutrinos toν e . We are interested in particular in ν µ →ν e oscillations, which are of the second type. The constraint is model-independent and does not require any assumption on the type of mixing and on the number of massive neutrinos, because it follows from simple particle conservation, which is a characteristic of oscillations. In fact, since in neutrino oscillations aν e must come from an antineutrino of some flavor, the sum over the probabilities of transition of any flavor antineutrino intoν e is 
Then we have the inequality
Hence the lower limits obtained in short-baseline reactor antineutrino experiments on Pν e →νe imply modelindependent upper limits on Pν µ →νe . Considering the simplest case of an effective twoneutrino-like short-baselineν e survival probability which is governed by the same ∆m 2 relevant for the effective short-baseline probability ofν µ →ν e transitions in Eq. (1), we have
where ϑ ee is the effective mixing angle, which can be different from that ofν µ →ν e transitions (which we have denoted for simplicity ϑ, but could have been called more appropriately ϑ eµ ). In this case, the inequality in Eq. (19) implies
Therefore, the exclusion curves obtained in short-baseline reactor antineutrino experiments which place upper limits on the value sin 2 2ϑ ee as a function of ∆m 2 imply model-independent upper limits on the value of sin 2 2ϑ in short-baselineν µ →ν e experiments. Figure 6 shows a superposition of the 90% and 99% C.L. allowed regions in the sin 2 2ϑ-∆m 2 plane obtained from the combined fit of MiniBooNE, LSND and KAR-MENν µ →ν e data and the exclusion curves obtained in Ref. [47] from the fit of reactor Bugey [48] and Chooz [49] ν e →ν e data, which currently provide the most stringent constraints on short-baseline reactorν e disappearance. The inequality (21) implies that in Fig. 6 the largesin 2 2ϑ part of the straight region below ∆m 2 ≈ 2 eV 2 allowed by the combined fit of MiniBooNE, LSND and KARMENν µ →ν e data is excluded by the results of reactor antineutrino experiments. Quantitatively, only the parts with sin 2 2ϑ 3 × 10 −2 and sin 2 2ϑ 5 × 10 −2 are allowed at 90% and 99% C.L., respectively.
The inequality (21) constrains the effective amplitude sin 2 2ϑ of short-baselineν µ →ν e transitions, but does not allow a combined fit of acceleratorν µ →ν e data and reactorν e →ν e data. Such a combined fit can be done if the upper limit in Eq. (21) applies, i.e. if the inequality (21) effectively becomes an equality. This is the case if Pν µ →νe ≫ Pν α→νe for α = e, µ. In the following we consider this interesting possibility, which allows us to combine the accelerator and reactor data in order to find the preferred region in the space of the oscillation parameters which could be explored by future experiments [31] [32] [33] [34] . Figure 7 and the last column of Tab. I give the results of the combined fit of accelerator MiniBooNE, LSND and KARMENν µ →ν e data and reactor Bugey and Chooz ν e →ν e data assuming an equality in Eq. (21) . The value of the parameter goodness-of-fit in Tab. I shows that the accelerator and reactor data are compatible under the hypothesis ofν µ →ν e oscillations.
From Figure 7 one can see that there is a favorite region at about 95% C.L. around the best-fit point for 2×10 
VIII. CONCLUSIONS
We have considered the recent results of the MiniBooNE experiment [1] on short-baselineν µ →ν e oscillations, which confirm the positive LSND signal [2] . Considering the simplest case of an effective two-neutrinolike short-baseline oscillation probability which depends on only two effective oscillation parameters, sin 2 2ϑ and ∆m 2 , we performed a combined fit of MiniBooNE and LSND data in order to find the allowed regions in the parameter space.
We considered also the results of the KARMEN experiment [35] , in whichν µ →ν e transitions have not been observed. We have shown that the combined fit of MiniBooNE, LSND and KARMEN data is acceptable and leads to a shift of the region allowed by MiniBooNE and LSND towards small values of sin 2 2ϑ. Finally, we have considered the model-independent bound on short-baselineν µ →ν e implied by the limits on short-baselineν e disappearance obtained in reactor experiments. From a combined fit of acceleratorν µ →ν e data and reactorν e →ν e data we have found that, if theν µ →ν e channel is dominant over other channels of flavor transitions intoν e , the favored region of the effective oscillation parameters lies within 2 × 10 
eV
2 . This region is interesting for a study of the possibilities to check the LSND and MiniBooNE indication of shortbaselineν µ →ν e oscillations with future experiments [31] [32] [33] [34] .
